The accumulation of D-alanine, L-alanine, glycine, and D-cycloserine in Escherichia coli was found to be mediated by at least two transport systems. The systems for D-alanine and glycine are related, and are separate from that involved in the accumulation of L-alanine. D-Cycloserine appears to be primarily transported by the D-alanine-glycine system. The accumulation of D-alanine, glycine, and D-cycloserine was characterized by two line segments in the Lineweaver-Burk analysis, whereas the accumulation of L-alanine was characterized by a single line segment. D-CyclOserine was an effective inhibitor of glycine and D-alanine accumulation, and L-cyclOserine was an effective inhibitor of L-alanine transport. The systems were further differentiated by effects of azide, enhancement under various growth conditions, and additional inhibitor studies. Since the primary access of D-cycloserine in E. coli is via the D-alanine-glycine system, glycine might be expected to be a better antagonist of D-cycloserine inhibition than L-alanine. Glycine and D-alanine at 10-M antagonized the effect of D-cycloserine in E. coli, whereas this concentration of L-alanine had no effect.
MECHANISM OF D-CYCLOSERINE ACTION
It is the purpose of this communication to examine the transport system(s) for D-alanine, L-alanine, D-cycloserine, and glycine in E. coli. Our results indicate that the transport system(s) for D-alanine and glycine are related and separate from that involved in the accumulation of L-alamne. The amount of overlap between these systems has not been determined. The relationship of these systems to the accumulation of D-cycloserine is established. Corp. All other materials were reagent grade.
Strains and medium. E. coli W (ATCC 9637) and E. coli K-12 were maintained in vacuo at -20 C. These strains were gifts from Wallace Brockman and Roy Curtiss III, respectively. All strains were grown in minimal medium containing 0.1% NH4C1, 0.68% NaHKPO4*H20, 0.30% K2HPO4, 0.02% MgSO4, and 0.05% NaCl with either 0.4% glucose or 0.1% amino acid as a carbon source. Minimal medium minus carbon source will be designated as buffer A. The cultures were grown at 37 C on a New Brunswick Gyrotary Shaker. Bacterial growth was monitored turbidimetrically by measuring the "absorbance" of the culture at 650 nm. For routine experiments, the bacteria were grown to an "absorbance" of 0.40 in minimal medium containing 0.4% glucose. This value corresponds to 4 X 108 viable cells/ml. Chloramphenicol was then added to the culture to make a concentration of 200 ug/ml; the culture was maintained for an additional 30 min at 37 C. The cells were harvested, washed, and resuspended in buffer A (4 C) containing 200 ,ug of chloramphenicol per ml, to give 12 mg (dry weight) per ml of suspension. The cell suspension was maintained at 4 C until used (<2 hr).
Measurement of amino acid uptake. The procedure for measuring the accumulation of labeled amino acid by nongrowing cells was similar to the method described by Kessel and Lubin (15) . A portion (0.1 ml, 5 X 109 cells) of the cell suspension described above was added to 0.4 ml of minimal growth medium (glucose) that contained chloramphenicol (200 ,ug/ml), and the mixture was maintained at 25 C for 5 min prior to the addition of the labeled amino acid (0.05 ml). Samples (0.2 ml) were removed at the desired time, and the cells were collected on a 0.45-Mm membrane filter. The cells were washed with buffer A (10 ml) at either 4 or 25 C. The wash temperature is reported for each experiment.
The damp membrane filter and cells were dissolved by vigorous shaking in 15 ml of Triton-toluene scintillation fluid, and the amount of radioactivity was After the cells were washed with 10 ml of buffer A (25 C), one portion was extracted with water (100 C) for 10 min, and another sample was added to 15 ml of Tritontoluene scintillation fluid and assayed for radioactivity. The extracted cells were centrifuged, and the pellet was washed two times with water. The extract and washes were pooled and concentrated. The labeled compounds were analyzed by descending paper chromatography on Whatman 3 MM paper with the use of solvents B and C. The labeled compounds were located by scintillation spectrometry and were compared with standards. To establish the configuration of the extracted alanine, an additional sample was treated with D-amino acid oxidase. The reaction mixture contained (in a total volume of 70 juliters): sample of extract (50 ,uliters), 0.05 units of D-amino acid oxidase, 27.4 units of catalase, 0.2 nmoles of flavine adenine dinucleotide, and 0.4 Mumole of sodium pyrophosphate buffer (pH 8.3). After incubation of the mixture for 2 hr at 37 C, the reaction was terminated with 0.5 ml of 0.2 N sodium citrate buffer, pH 2.2. The reaction mixture was quantitatively applied to a Dowex 50 (Na+) X-8 (200 to 400 mesh) column (5 by 20 mm) and eluted with two portions (0.7 and 0.8 ml) of 0.2 N sodium citrate buffer, pH 2.2. The eluate (2.1 ml) was collected in a polyethylene vial for the assay of radioactivity.
Measurement of pool sizes. E. coli K-12 was grown on glucose, L-alanine, or L-aspartic acid as the carbon source in minimal medium. To duplicate the conditions of the transport experiments, chloramphenicol (200 ,ug/ml) was added to log-phase cells 30 min before harvesting. The bacteria (0.5 g, wet weight) were washed at 4 C with buffer A containing chloramphenicol (200 Mug/ml) and were resuspended at 25 C in 5 ml of the same medium containing chloramphenicol (200 ug/ml) and glucose for 5 min. These condi-779 VOL. 103,p 1970 WARGEL, SHADUR, AND NEUHAUS tions are identical to those used in the preparation of cells for the transport studies. The cells were extracted at 100 C for 10 min. The extracted cells were washed two times with 2 ml of water (100 C). An equal volume of acetone was added to the extract, and the precipitated material was removed. The extract was lyophilized, and the precipitate was dissolved in 2.5 ml of 0.2 N sodium citrate (pH 2.2). The amino acid profile was determined on a Beckman model 120 amino acid analyzer according to the procedure described by Spackman et al. (30) .
Preparation of membrane fragments. E. coli K-12 (6 g) suspended in 10 ml of buffer A containing 2 drops of antifoam was disrupted with glass beads (10 g) in a Bronwill mechanical cell homogenizer (Braun, model MSK) at 4,000 cycles/min for 5 min with cooling by C02, according to methods described by Struve et al. (32) for Staphylococcus aureus Copenhagen. Cell walls and unbroken cells were removed by centrifugation at 10,000 X g. The impure membrane fragments were sedimented by centrifugation at 100,000 X g for 1 hr. (18) .
RESULTS
Accumulation of DL-alanine and glycine. For the experiments reported in this paper, uptake was measured at 25 C with cells that were suspended in minimal growth medium containing chloramphenicol. The cells were incubated for 5 min at 25 C prior to the addition of the labeled amino acid. As illustrated in Fig. 1 , the accumulation of L-alanine, D-alanine, and glycine was essentially completed in 2 min. For routine experiments, 30 sec was chosen to approximate the initial velocity. If the cells were washed with buffer at 4 C instead of 25 C, the amount of accumulated amino acid was greatly reduced (Fig. 1) . Essentially the same results were observed with E. coli W and E. coli K-12. Although the initial rates of entry for D-alanine, L-alanine, and glycine were similar, the total amounts of D-alanine and glycine accumulated when a wash temperature of 25 C was used were identical, and were different from that observed for L-alanine. In experiments designed to establish the fate of the accumulated amino acid, cells were incubated in the presence of the labeled amino acid for 30 sec. The cells were extracted with water at 100 C for 10 min, and the labeled material was chromatographed in two solvent systems (see Materials and Methods). In the case of L-and D-alanine, most (>95 and >90%, respectively) of the labeled material was accounted for as alanine. More than 90% of the labeled compound was recovered as the appropriate isomer. In contrast, only 33% of the glycine was accounted for as the free amino acid at 30 sec. A large fraction of the labeled glycine was found in unidentified compounds. These compounds may comprise the phospholipid fraction described by Kaback and Kostellow (13) for glycine transport in E. coli W. Roberts et al. (28) found that labeled glycine rapidly appears in the hot trichloroacetic acid-soluble or nucleic acid fraction (53%).
Effect of wash temperature. In Table 1 , the effect of wash temperature for D-alanine, L-alanine, and glycine is compared. These results confirm those obtained by Britten and McClure (5), by Leder and Perry (Fed. Proc. 26:394, 1967), by Kessel and Lubin (14) for proline transport, and by Piperno and Oxender (25) for leucine transport. With E. coli W and E. coli K-12, the ratios of accumulation with a wash temperature of 25 C to accumulation with a wash temperature of 4 C varied from 9 to 30 for the three amino acids. This aspect was more apparent at short time intervals (Table 1 (Fig. 3) . Similar results were observed for L-alanine and glycine. The azide-sensitive uptake will be used in establishing the kinetic parameters of the transport systems. The omission of glucose from the incubation mixture resulted in a decrease in the initial rates of uptake. If the temperature of the incubation was reduced to 4 C, the amount accumulated was greatly reduced. The addition of azide at 30 sec caused a cessation of further uptake of L-alanine (Fig. 4A ) and a marked reduction in the accumulation of D-alanine (Fig. 4B) . Results similar to those obtained with D-alanine were observed with glycine. The addition of L-alanine to the cells labeled with L-["1C]alanine caused a 50% loss of the accumulated amino acid (Fig.  4A) , and the addition of D-alanine at 30 sec resulted in a cessation of D-["C]alanine uptake (Fig. 4B) .
Enhancement of the DL-alanine-glycine transport system(s). E. coli K-12 was grown on a minimal medium containing pyruvate, glucose, when compared with cells grown on glucose (9, 10) . DeMoss and co-workers (3, 6) showed that the transport system for L-tryptophan in E. coli is induced by growth on L-tryptophan. On the other hand, growth of E. coli K-12 in the presence of leucine resulted in repression of the synthesis of the leucine-binding protein (24) .
Amino acid composition of the pool(s) and membranes of E. coli K-12. The enhanced accumulation of L-alanine, D-alanine, and glycine in cells grown with different carbon sources may reflect the size of the internal pool of that amino acid (11) . E. coli K-12 cells grown on glucose had a fivefold greater internal concentration of alanine than cells grown on L-alanine as the carbon source ( Table 3 ). The initial rate of uptake of L-alamine in L-alanine-grown cells, however, differed by only twofold ( Inhibition of DL-alanine-glycine transport system(s). L-Cycloserine, D-cycloserine, D-serine, glycine, L-alanine, and D-alanine were compared as inhibitors of L-alanine, D-alanine, and glycine accumulation. As shown in Table 4 Table 5 , D-alanine and glycine were Of D-alanine, L-alanine, and glycine was analyzed with Lineweaver-Burk plots (17) . The data presented in Fig. 6 have been corrected for the azide (10 mM)-insensitive accumulation (see Fig.  3 ). In Fig. 6A , a linear reciprocal plot can be seen for the azide-sensitive transport of L-alanine.
The values for Km and Vm., are sumnmarized in Table 6 . With D-alanine and glycine (Fig. 6B  and C) , the double reciprocal plots are characterized by two intersecting lines. Similar results were observed in transport studies in which the 4 C buffer wash was used. Two intersecting lines in a Lineweaver-Burk plot for histidine transport have been interpreted by Ames (1) to indicate two components of the transport system with different affinities and Vm,,, values.
Cold osmotic shock. In an effort to dissect these transport systems, cultures of E. coli K-12 were grown on glucose, D-alanine, and L-aspartate, and then were shocked according to the procedure of Piperno and Oxender (25) . Regardless of the growth conditions, no binding activity for either D-or L-alanine or for glycine was found in the fluid from cells after osmotic shock (Table  7) . Binding activity was consistently demonstrated for L-isoleucine, in agreement with the results of Piperno and Oxender (25) .
Accumulation of D-cycloserine. Growth of E. coli K-12 was completely inhibited by 4 X 10-6 M D-CyClOserine (Fig. 7) . The antagonism of the inhibition by D-cycloserine is illustrated in Fig.  7A and B. Glycine and D-alanine at a concentration of 10-' M antagonized the effect of D-CYCIOserine, whereas this concentration of L-alanine had no effect. It should be noted that lower concentrations of D-alanine (10-6 M) will antagonize the effect of 4 X 10-6 M D-cycloserine.
The rate of accumulation of D-cycloserine is characterized by two intersecting lines in the Lineweaver-Burk plot (Fig. 8) . The values of the Michaelis-Menten constants are 4.2 X 10-5 and 2.0 x 10-4 M for the two line segments. In addition, as summarized in Table 6 , the maximal velocities of the two segments are similar to those observed for D-alanine.
DISCUSSION
The experiments described in this paper suggest that the transport systems for D-alanine and glycine are related and separate from that involved in the accumulation of L-alanine. D-Cycloserine appears to be primarily transported by the a A culture of E. coli K-12 was grown on Laspartate as the carbon source and was harvested in the late-log phase. The cells were washed two times with 0.03 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 7.8) containing 0.1 M NaCl and were resuspended in 250 ml of 30% sucrose-0.03 M Tris-hydrochloride (pH 7.8) containing 10-M ethylenediaminetetraacetic acid for 30 min with shaking. The cells were collected by centrifugation, and the well-drained pellet was rapidly suspended in 500 ml of 0 C deionized water for 20 min. The cells were removed and the shock fluid was lyophilized. The residue was dissolved in buffer A (6 ml) and the precipitate was removed.
After extensive dialysis (18 hr) against buffer A, samples (0.5 ml, 0.6 mg of protein) of the shock fluid were dialyzed for 8 hr at 4 C against 9 ml of the labeled amino acid in buffer A. The amounts of radioactivity in the dialysate and the shock fluid were measured as described in Materials and Methods. . (Fig. 8) show two intersecting line segments, as in the case of the D-alanine-glycine transport system(s). Moreover, the inhibitor profile (Table 4) is consistent with the participation of the D-alanine-glycine transport system in the accumulation of D-cycloserine.
If the primary access of D-cycloserine is via this transport system, then glycine might be expected to antagonize the antibiotic at this site. As shown in Fig. 7 , glycine is more effective than L-alanine in antagonizing the antibacterial action of D-Cycloserine. Since glycine does not compete with D-cycloserine for sites on alanine racemase or D-alanine: D-alanine ligase, it must compete at the transport system with the antibiotic. Thus, the results presented in this paper implicate the D-alanine-glycine transport system in the accumulation of D-cycloserine. Two aspects of the DL-alanine-glycine transport systems require additional consideration. Growth on different carbon sources markedly affects the rate of transport. Enhanced transport may result from an alteration in the pool sizes (11) , induced synthesis of the particular transport system, or changes in the rate of exit. The pool sizes of alanine and glycine in L-alanine-and L-aspartategrown cells are smaller than those of glucosegrown cells; however, no correlation was observed between the pool size and enhanced transport. The other two alternatives have not been extensively studied, and additional experiments will be required to prove whether enhanced transport is the result of induction or inhibition of exit. Thus, since the increased rate of accumulation has not been unequivocally established to be the result of induction, the term "enhanced transport" is used. The second aspect of this system that requires consideration concerns the marked differences in the ratio of the apparent velocity when a 25 C wash was used to the apparent velocity with a 4 C wash. For example, E. coli cells grown on L-aspartate, L-alanine, or D-alanine have ratios of 1, whereas cells grown on L-proline, succinate, and glucose have ratios between 6 and 30. We found that this ratio is a function of the growth conditions as well as the time when the measurement is made (Fig. 2) . According to Britten and McClure (4; see also 11), this ratio may reflect two pools of the accumulated amino acid, one that is easily released by cold shock and one that is not affected by cold shock. Recently, Tabor and Tabor (33) have presented evidence for the existence of two pools of arginine in E. coli W.
